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Abstract
Neanderthals had complex land use patterns, adapting to diversified landscapes and cli-
mates. Over the past decade, considerable progress has been made in reconstructing the
chronology, land use and subsistence patterns, and occupation types of sites in the Rhoˆne
Valley, southeast France. In this study, Neanderthal mobility at the site of Payre is investi-
gated by combining information from lithic procurement analysis (“chaıˆne evolutive” and
“chaıˆne ope´ratoire” concepts) and strontium isotope analysis of teeth (childhood foraging
area), from two units (F and G). Both units date to the transition from Marine Isotope Stage
(MIS) 8 to MIS 7, and show similar environmental conditions, but represent contrasting
occupation durations. Level Gb (unit G) represents a long-term year-round use, in contrast
to short-term seasonal use of the cave in level Fb (unit F). For both levels, lithic material and
food were generally collected from a local to semi-local region. However, in level Gb, lithic
materials were mainly collected from colluviums and food collected in the valley, whereas in
level Fb, lithic procurement focused primarily on alluvial deposits and food was collected
from higher elevation plateaus. These procurement or exchange patterns might be related
to flint availability, knapping advantages of alluvial flint or occupation duration. The site of
Payre is located in a flint rich circulation corridor and the movement of groups or exchanges
between groups were organized along a north-south axis on the plateaus or towards the
east following the river. The ridges were widely used as they are rich in flint, whereas the
Rhoˆne Valley is not an important source of lithic raw materials. Compared to other western
European Middle Palaeolithic sites, these results indicate that procurement strategies have
a moderate link with occupation types and duration, and with lithic technology. The Sr iso-
tope ratios broadly match the proposed foraging areas, with the Rhoˆne Valley being pre-
dominantly used in unit G and the ridges and limestone plateaus in unit F. While lithic
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reconstructions and childhood foraging are not directly related this suggests that the three
analysed Neanderthals spend their childhood in the same general area and supports the
idea of mobile Neanderthals in the Rhoˆne Valley and neighbouring higher elevation pla-
teaus. The combination of reconstructing lithic raw material sources, provisioning strategies,
and strontium isotope analyses provides new details on how Neanderthals at Payre prac-
tised land use and mobility in the Early Middle Palaeolithic.
Introduction
Neanderthal land use was complex and adapted to diversified landscapes, diverse climates and
raw material sources (lithics and food resources). Current mobility models derived from eth-
noarchaeological studies have shown that Neanderthals adapted their behaviour to the envi-
ronment, alternating short and long-term occupations, described as base camps and/or
satellite camps [1–14]. In south-eastern France, numerous Neanderthal sites link the medium-
altitude regions of the Massif Central and Alpine foothills with the Rhoˆne Valley. Over the past
decade, considerable progress has been made in reconstructing the chronology, land use, sub-
sistence and occupation patterns of these sites. Current models suggest complex occupation
patterns, including long-term residential camps, as well as short-term regular hunting camps
and brief stopover camps, showing that past populations may have been anticipating their land
use requirements [15].
The site of Payre
The archaeological site of Payre is a small cave above the confluence of the Rhoˆne and Payre
rivers in southeast France [15–20] (Fig 1). The five meter thick stratigraphic sequence at Payre
consists of nine units (A-I), overlying the limestone bedrock. Human occupation is observed
in eight levels during four units (C-G), with lithic material recovered throughout. The preser-
vation of human remains at Payre is poor, with only several teeth and a fragment of a parietal
bone from units C-G recovered from the entire site [21, 22, 23].
This study investigates lithics from level Fb (in unit F) and level Gb (in unit G) and three
Neanderthal teeth from levels Fa, Ga, and Gb. All these levels have been dated to towards the
end of MIS 8 and the beginning of MIS 7 by ESR and U-series dating analyses [24, 25]. Levels
Fa and Fb are two phases of occupation at the top of unit F. Level Fb is a 15–20 cm thick grey
sediment lens (F3) with no limestone blocks, just below level Fa. Level Gb contains a dense
concentration of artefacts related to two lenses (G4 and G5), which are 50–65 cm thick and
contain many small limestone blocks. The excavation of levels Gb and Fb extended over 50 m2
and 20 m2, respectively. Previous research at Payre on the faunal remains, cut marks, ungulate
microwear patterns, and carbon and nitrogen isotopic analysis [15, 16, 26–36], all suggest a
change in occupation patterns: Gb with long-term year-round use of the cave in contrast to
short-term seasonal specific use (mainly in autumn) of the cave in level Fb. Furthermore, car-
bon and oxygen isotopic analysis suggests that the valley was exploited more during the long-
term occupations of unit G, while the plateau above the site was more intensively used during
the short-term occupation (for the four phases of occupation of unit F) [33].
Similarities in the faunal assemblage exist between levels Gb and Fb. The ungulate spectrum
is mainly composed of red deer (Cervus elaphus), horses (Equus mosbachensis, bovines (Bos
primigenius and Bison priscus) and rhinoceros (Dicerorhinus hemitoechus and D. kirchbergen-
sis). Carnivores (Canis lupus, Crocuta spelaea and Panthera (Leo) spelaea) are especially
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numerous in unit F, suggesting that hominid occupations of the cave alternated with carnivore
denning. Among them, Ursus spelaeus is predominant [16, 28]. The anatomical proportions of
ungulates and location of anthropogenic marks indicate primary butchery activities for cervids
and secondary butchery activities for bovines, horses and rhinoceros [16]. The occurrence of
rhinoceros remains is considered to be mainly due to scavenging or occasional hunting in the
Rhoˆne Valley swamps at the foot of the cave [16]. These studies also suggest that in level Gb
faunal remains were mainly accumulated by humans, whereas in level Fb carnivores played a
large role in the consumption of carcasses [16]. In level Gb, mortality curves indicate hunting
all through the year, while in level Fb hunting occurred more frequently in autumn [16]. Lithic
residue and use-wear analysis shows evidence for fish processing and the use of avian resources
in units F and D [35]. Burnt bones throughout the whole sequence provide evidence for the
use of fire, with the possible use of bones as combustibles. The faunal and micro-faunal
remains indicate a similar environment in both Gb and Fb: a cool climate and varying bio-
topes, including forests, wooded prairie, steep rocky slopes, as well as open steppe environ-
ments [29].
Understanding land use and mobility at Payre
Studies of lithic raw materials are instrumental in determining land use and resource utiliza-
tion. The lithic material recovered from these levels is attributed to the Early Middle Palaeo-
lithic, with discoidal and orthogonal core technologies on flint present, and the toolkit mainly
consists of scrapers and points [37]. Previous analyses of heavy-duty tools, including bifaces
Fig 1. Map of the location of Payre and other Middle Palaeolithic sites in south-eastern France (left) and site stratigraphy with the position of the human
remains (right). In the middle, photos of the Payre Valley, Ursus mandible and fragments of ungulate bones.
https://doi.org/10.1371/journal.pone.0214925.g001
Rocks, teeth, and tools: New insights into early Neanderthal mobility strategies in South-Eastern France
PLOS ONE | https://doi.org/10.1371/journal.pone.0214925 April 3, 2019 3 / 30
and pebble tools, show that they were made in situ and close to the site on local quartzite, lime-
stone and basalt [31]. Most studies concentrate on the geologic composition of the flint mate-
rial, but the technique used in this study also investigates the source of the lithic material in the
landscape. This concept of the chaîne evolutive explores the underlying geology, identifies the
accessible outcrops, and assesses the different stages of artefact production [38, 39]. The study
of the technological stages, use, and disposal of artefacts (chaîne opératoire), is applied along-
side the chaîne evolutive [40–59]. If the assemblage is not disturbed by subsequent occupation
or diagenetic processes, artefacts made from stone on site should be represented by remnants
of each step of the production sequence. Identifying the procurement sites of these raw materi-
als provides a ‘foraging radius’ for the population. The presence of artefacts made of non-local
stone suggests human mobility or exchange [43].
In order to understand human mobility at the site strontium (Sr) isotopic analysis was under-
taken. Strontium isotope ratios (87Sr/86Sr) vary between different geological regions depending on
their age and composition, due to the radioactive decay of 87Rb by the emission of a negative β-
particle with a half-life of ~4.88 x 1010 years to 87Sr [60]. The 87Sr/86Sr isotope signature of a region
is mainly influenced by the underlying geology but can be augmented by additional sources of
strontium from atmospheric deposition (precipitation, sea spray, dust) and exogenic surface
deposits (loess, peat) [61–67]. Humans and animals incorporate strontium from their diet in their
dental and skeletal tissues [68, 69], where it substitutes for calcium. 87Sr/86Sr isotope ratios of den-
tal remains reflect the average isotope ratios of food intake and drinking water during childhood
when the teeth were formed e.g. [61, 62, 66, 68]. Consequently, 87Sr/86Sr isotope ratios of perma-
nent teeth can be used to assess mobility from a childhood residence area to a later residence area,
across geologically different terrains. For hunter-gatherers, this becomes more complicated as the
prey also move across the landscape, averaging the 87Sr/86Sr isotope variability of different geo-
logic units. In this case, strontium isotopes can be used to draw broad scale inferences, but small-
scale mobility may remain undetected. A general limitation of this method is that geographically
distant areas can have similar or overlapping 87Sr/86Sr compositions.
This study will categorize the chaîne opératoire and chaîne evolutive of lithic artefacts found
in levels Fb and Gb, identifying the origin of the raw materials used in artefact production at
Payre. This lithic “foraging radius” will be combined with human childhood mobility data
from 87Sr/86Sr isotope analyses of three teeth from Payre levels Fa, Ga, and Gb, to investigate
mobility of early Neanderthals.
Materials and methods
No permits were required for the described study.
Composition of the lithic components of levels Fb and Gb
The artefact assemblage of level Fb is composed of 777 artefacts made predominantly from
flint (over 93%), with small numbers of basalt, quartz, quartzite and limestone artefacts. The
basalt artefacts consist of whole and broken pebbles, flakes and debris, the quartz artefacts are
flakes and debris, and quartzite and limestone artefacts only consist of flakes. Flint artefacts are
cores and flakes, with the entire flaking sequence present at the site.
Level Gb yielded 620 artefacts made predominantly of flint (over 92%), with small amounts
of basalt, quartz, quartzite and limestone artefacts [16, 31] (Table 1). The basalt artefacts were
brought to the site mainly as whole and broken pebbles or flakes. Quartz artefacts are all flakes,
quartzite artefacts are flakes with one large tool, and limestone is rare, consisting of just one
pebble and one flake. Flint artefacts consist of cores and flakes, with evidence of the whole flak-
ing process.
Rocks, teeth, and tools: New insights into early Neanderthal mobility strategies in South-Eastern France
PLOS ONE | https://doi.org/10.1371/journal.pone.0214925 April 3, 2019 4 / 30
Reconstructing the chaîne evolutive and the chaîne opératoire
The concept of the chaîne evolutive describes the relationships between the environment and
human behaviour in resource gathering and production [45–49]. In order to compare geologi-
cal samples to archaeological artefacts, we characterized the mineral phases [50], analysed the
different stages of artefact transformation steps [51, 52], and examined the artefact surface
[53–57]. This resulted in the identification of the ‘genetic type’ (geological formation) of each
lithic artefact and the specific details and transformation stages identify a ‘gitologic type’ (sub-
type or geological outcrop). The naming of artefact types from Payre consists of the initial of
the first analyst (here F for Fernandes [39]), then the number of the genetic type from Payre,
followed by a number indicating the gitologic type. In order to determine the sources of raw
materials from artefacts, a lithothèque, or atlas of geological types and outcrops in the region,
which encompasses the middle Rhoˆne Valley between Valence in the north and Orange in the
south, was developed based on ~200 geological samples. All samples were examined under a
stereomicroscope, and thin sections of geological and archaeological samples were observed
with a polarizing microscope and Scanning Electron Microscope (SEM). The chaîne opératoire
was reconstructed for each artefact type by recording knapping, shaping and retouching
modes to identify the techniques applied to each raw material [40, 41, 42, 58, 59].
Strontium isotope analysis
Three Neanderthal teeth (Table 2) were selected from a complementary study on advancing
analytical methods and the details are described in Willmes et al [70, 71]. For strontium iso-
tope analysis micro-drilling followed by thermal ionisation mass spectrometry (TIMS) was
used. In brief, a 0.3 mm drill bit was used to extract ~0.5 mg of sample material, which then
Table 1. Lithic assemblage of levels Fb and Gb by raw materials at Payre.
Lithic type Whole pebbles Broken pebbles Pebble- tools Cores Flakes
(> 15 mm)
Micro flakes
(< 15 mm)
Large
tools
Total
Level Fb
Basalt 5 1 1 17 24
Quartz 23 23
Quartzite 4 4
Limestone 2 2
Flint 7 167 549 1 724
Level Gb
Basalt 10 6 6 1 1 1 25
Quartz 13 13
Quartzite 4 1 5
Limestone 1 1 2
Flint 10 515 48 2 575
https://doi.org/10.1371/journal.pone.0214925.t001
Table 2. Neanderthal teeth analysed from Payre in this study.
Sample ID Level Square n˚ X Y Z Tooth type Discovery year
336 Fa I6 336 37 96 244 M1 lower right 2002
654 Ga N8 654 77 5 511 M1-2 upper left 1999
6 Gb Q8 6 40 60 530 M1-2 lower left 1994
https://doi.org/10.1371/journal.pone.0214925.t002
Rocks, teeth, and tools: New insights into early Neanderthal mobility strategies in South-Eastern France
PLOS ONE | https://doi.org/10.1371/journal.pone.0214925 April 3, 2019 5 / 30
underwent a weak acetic acid leach to remove possible residual contamination. The samples
underwent ion exchange chromatography to isolate Sr from other elements using a micro col-
umn set filled with the Eichrom Sr specific resin. A drop of diluted phosphoric acid was added
to each sample before loading onto rhenium filaments with a tantalum fluoride activator. Sam-
ples were measured on the TRITON Plus thermal ionisation mass spectrometer (TIMS) at the
Research School of Earth Sciences, ANU. Data reduction includes a Rb correction, exponential
mass bias correction (using the internal 86Sr/88Sr ratio of 0.1194) and 2σ outlier rejection.
Total procedural blank levels for the human samples are below 100 pg Sr. Long-term measure-
ments of the Sr carbonate standard SRM987 (National Institute of Standards and Technology)
gave an average 87Sr/86Sr value of 0.71023 ± 2 (n = 99, 2σ) on the TIMS. This is consistent with
the original certified 87Sr/86Sr isotope value of 0.71034±26 [72] and the more commonly
quoted accepted value of 0.71025 ± 1 [73, 74, 75].
In order to map the baseline bioavailable 87Sr/86Sr isotope variation for the region sur-
rounding Payre, soil leachates and plant samples from the IRHUM (isotopic reconstruction of
human migration) database were analysed [70, 75] and the 87Sr/86Sr isotope groups from Will-
mes et al [75] were used to cluster 87Sr/86Sr variability in the region based on surface geology.
This provides a map of regional strontium isotope ranges and allows for the identification of
mobility and land use between geologically distinct areas.
Results
Sourcing lithic artefacts from level Gb
A total of 575 lithic artefacts from nine genetic types were analysed, revised from [39, 76, 77,
78] and seventeen different procurement sites were identified, most of which are colluviums
near primary formations (see the primary formations, Fig 2). The genetic types for these arte-
facts are described in Table 3. The four most common flint types in level Gb show differing
procurement strategies. Type F14 (with spicules) consists of Upper Barremian flint collected as
fragments of nodules or slabs on the Cruas Plateau on the right bank of the Rhoˆne River, with
some elements gathered from colluviums and alluvial deposits. Type F14 (bis), a Barremo-Bed-
oulian flint, was generally gathered as fragments of nodules on the right bank of the Rhoˆne
River. Type F34 flint, Bedoulian or Upper Barremain facies, was gathered as nodule fragments
on the Cruas Plateau, and as pebbles in the rivers near Payre. Flint type F33, an Upper Barre-
mian facies, was collected as pebbles or nodule fragments either from the river system at the
base of the Bayne Plateau or on the Teil Plateau 30 km south of Payre. The rarest flint types
also show differing procurement strategies. Type F120, a Tithonic flint, was collected as frac-
tured fragments near Payre, types F124 and F127, which are Cenozoic age flints, were collected
from the Issirac Basin south of Payre, and type F121 is of Alpine origin and Upper Cretaceous
age and was collected from alluvial formations. Type F126 is marine flint of unknown origin
and the one artefact of type F122 is of unknown origin. A total of 17 artefacts could not be
sourced but appear to be made of Barremo-Bedoulian flint (Fig 3).
Most of the observed material from level Gb was gathered from the Cruas Plateau, south of
the site on the right bank of the Rhoˆne. The flint was mainly gathered from the surface or the
river network, at sites located between 5 and 15 km from Payre. The results indicate that
groups mainly circulated on the plateaus along the right bank of the Rhoˆne, along a N-S axis,
up to about 60 km from the site, on the border of Gard. Flint was gathered from several types
of superficial formations (colluviums, alluvial deposits and reworked formations linked to
Oligocene conglomerate). This circulation is oriented towards the south, which contains
abundant flint deposits of varying quality, as the site is at the northern limit of the Ardèche
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Fig 2. Map of the flint sources in level Gb at Payre.
https://doi.org/10.1371/journal.pone.0214925.g002
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limestone. Based on our raw material analysis, the nearby Rhoˆne Valley was used much less
frequently, and materials from the nearby Alpine region are rare.
This diversity of provisioning sites can be considered from two angles. Neanderthals may
have gathered flint during other subsistence activities. This could explain the relatively poor
quality of certain nodules or pebbles, as they were gathered opportunistically based on shape
criteria (block surfaces forming natural striking platforms) or appearance (fragments of rolled
or non-rolled nodules). Alternatively, Neanderthals may have deliberately used different places
for procuring flint material with the same macroscopic appearance. However, this would
assume low flint availability, which is not the case in this region, although plant cover could
have obscured sites. It is most likely that the diverse procurement sites observed were fre-
quented during other activities.
Our identification of the chaînes opératoires for each genetic type of flint varies from com-
plete to partial identification (Table 3). The most frequent flint types (F14, F34, F14bis, F33)
come from a local to semi-local and sub-regional zone to ~30 km south of the site. Most of the
production stages of the chaîne opératoire are represented for these flint types and an abun-
dance of small-sized products (20–40 mm) were produced. The presence of cortical zones
linked to colluviums and fluvial formations indicates sampling from varied deposits, but sam-
pling from the Cruas plateau to the south of the site accounts for most of this flint material.
Only artefacts of type F33, sourced from ~30 km from the site, were introduced as flakes,
including the largest flake of the series.
For the rarest flint types (F120 to F127), the chaînes opératoires are only represented by sev-
eral cortical or non-cortical flakes, indicating that these flints where brought to the site already
worked (Table 4). Most of them measure between 20 and 60 mm. These flints appear rarely as
tools (only a side scraper, a point, and a denticulate identified) and do not appear to be differ-
ent to the flakes knapped on site. The observation of fluvial cortex and cortex from the colluvi-
ums indicates that these flints were gathered from diverse environments, either beside the
Rhoˆne River at the foot of the site (F120), or towards the south on the right bank. Two of these
raw materials (F124, F127) show very similar mineralogical and micropaleontological aspects
Table 3. Types of flint for level Gb at Payre. The details for 183 flint pieces could not be determined.
Genetic types F120 F14-F14(bis) F34 F33 F124 F127 F121 F122 F126
Gathering
zones
Local Semi-local< 10 km Sub-Regional
10–30 km
Regional
30–60 km
Undetermined
Stratigraphy Tithonian Barremian Upper
Barremian
Upper Barremian Upper Eocene Upper Eocene Upper
Cretaceous
Environment Marine Marine Lacustrine Lacustrine Marine Marine
Texture Mudstone Wackestone Mudstone Wackestone Mudstone Mudstone,
Wackestone
Mudstone Wackestone Wackestone
Allochem Calpionellids Spicule Peloid,
Spicule
Spicule Gastropoda,
Charophyta
Gastropoda
Charophyta
Quartz
geode
Spicule,
Vegetal
Vegetal
Type locality
Or area
Payre Cruas plateau Cruas plateau Saint-Thome´,
Bayne, Cruas
Issirac basin Issirac basin
Secondary
Stratigraphic
position
Oligocene
to Pleistocene
Oligocene
to
Pleistocene
Oligocene
to Pleistocene
Pleistocene Pleistocene Pleistocene Pleistocene Pleistocene
Gitalogic
types
F120.2 F120.3 F14.1-F14.2
F14.3
F34.1 F34.2
F34.3
F33.1 F33.2 F33.3 F124.2 F124a.5 F127.2 F121.3 F122.1 F126.3
Neo-cortex Colluvial,
Alluvial
Alluvial,
Colluvial
sub primary
Alluvial,
Colluvial
sub primary
Alluvial,
Colluvial
sub primary
Colluvial Colluvial Subprimary Alluvial Alluvial
Number 8 245 96 36 5 2 2 2 1
https://doi.org/10.1371/journal.pone.0214925.t003
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to the lacustrine flints from the Issaric basin and may have been collected ~60 km from the
site, from a synclinal exploited later by the occupants of the nearby Abri des Pêcheurs site [38].
Fig 3. Overview of flint artefacts found in level Gb. (1) A biface tool on a large flake (F33,<30km), (2) biface tool on a small flake
(F14, local), (3) abrupt retouch (“museau-type”) on a thick flake (F14, local), (4) a transversal scraper (F14, local), (5) unretouched flake
(F34, semi-local), and (6) Bec-borers (F14, local).
https://doi.org/10.1371/journal.pone.0214925.g003
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The three most frequent types of flint (F14, F34 and F33) do not appear to have been col-
lected and produced into tools in the same manner. Type F14 (Barremian) is the most abun-
dant and was gathered from colluviums on the plateau. Retouched and non-retouched flakes
are of varied dimensions and were mostly obtained from small fragments of nodules. Only a
few large flakes with invasive retouch (semi-Quina) are present. Retouch is marginal and non-
transforming. The only small biface is in this type of local sourced flint. Type F34 was gathered
on the slopes of the Cruas plateau (reworked in colluviums from conglomerate deposits). The
whole chaîne opératoire could have taken place on site (production and consumption of prod-
ucts). Type F33 comes from an intermediate zone between local and sub-regional provisioning
areas (about 30 km away). However, it is represented by several large-sized retouched and
non-retouched products. Tools were shaped on the largest of these flakes. The largest biface of
the series is of type F33, as are two relatively good-quality tested nodules. This raw material
could have been used to produce large flakes to be transformed into tools and flakes for knap-
ping small flakes at the site. The large flakes, large tools, cores and the biface would thus have
been imported. The presence of these nodules thus calls into question the model ruling out the
transport of large-sized blocks over intermediate distances.
Sourcing lithic artefacts from level Fb
A total of 198 flint artefacts from the level Fb assemblage were characterised. Most of the flint
types present were sourced from alluvial deposits, making it impossible to identify the
Table 4. Flint sources and technological features for level Gb (in numbers) at Payre (without badly preserved and largely broken artefacts.
F120 F14 F14bis F34 F33 F124 F127 F121 F122 F126
Local on the
site
Semi local < 10 km Sub-Regional
10–30 km
Regional 30–60 km ? ? ?
Flakes
<10–15 mm
1? 4 1 26 16
15–40 mm Cortical
flakes 2
1 scraper
11 scrapers
10 points
1 notch
38 cortical and 67
non-cortical
flakes
8 cortical and
non-cortical
flakes
1 scraper
39 cortical and
non-cortical
flakes
5 scrapers
1 point
1 cortical flake 3 cortical and
non-cortical
flakes
1 non-
cortical
flake
40–60 mm 28 cortical and
non-cortical
flakes
8 scrapers
3 points
2 cortical and
non-cortical
flakes
3 cortical flakes 3
scrapers
6 cortical and
non-cortical
flakes
1 scraper
1 cortical
flake
1
point
60–80 mm 1 denticulate 20 cortical and
non-cortical
flakes
6 scrapers
2 points
4 cortical and
non-cortical
flakes
1 scraper
3 cortical and
non-cortical
flakes
2 scrapers
>80 mm 3 cortical and
non-cortical
flakes
1 biface on large
flake
2 scrapers
1 cortical flake
1 biface
debris 3 17 5 10 3 2 1 2 1
cores 7 4 1?
Nodules left whole
or partially flaked
2
(10–13 cm)
https://doi.org/10.1371/journal.pone.0214925.t004
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collection location of these materials (Fig 4, Table 5). Only 10% of the flints in level Fb are
from colluvial deposits.
The local and semi-local perimeter of the foraging radius is well represented by flint types F14,
F32, and F120, with the latter collected at the foot of the Payre site. Flint type F14 with spicules is
the most common and is represented by 104 objects, including nine from the base of the Rochem-
aure graben, previously described as type F34 [39]. They present marked similarities with the Bar-
remo-Bedoulian flints (hemipelagic facies) from the north of the Cruas Plateau to Viviers, on the
right bank of the Rhoˆne. Their neocortex indicates a bipolar collection mode from the river net-
work and from fossil alluvial formations. These groups are present in level Gb of Payre, and in the
nearby sites of Abri des Pêcheurs, Abri du Maras, Barasses II (Balazuc) and at the open-air site of
Saint-Bauzile (Andance). The type F32 artefact series contains three objects. The opaque and
microcrystalline matrix presents some similarities with the flints derived from the limestones
between Rochemaure and Teil and their neocortex indicates collection from the river network.
The regional perimeter (30–60 km) is represented by artefact types F35, F33 and F121.
Type F35 includes five artefacts, which are similar to Sinemurian flint from the zone around
Chapelle-sous-Aubenas. However, the neocortex indicates that they were gathered from the
river network. This group is also used in Barasses II at the sites of Balazuc and Pêcheurs. Type
F33 contains a single artefact with very similar structural and chromatic characteristics to the
flints from the limestones in the sector of Bois de Vallonge (Saint-Thome´). The neocortex
points to gathering from the river network. This type is also present in level Gb. Type F121
contains four artefacts. The Glomospira texture (with black patina) is very similar to the flints
from the Bedoulian limestones of Rocherenard, to the northeast of Viviers. The neocortex
indicates a gathering mode in the river network. This type is also present in level Gb of Payre.
Two flint types collected in a 60 km perimeter from Payre represent the outer extent of the
foraging radius. Two type F165 artefacts have a similar texture to the Laval-Saint-Roman type
calcretes and the neocortex indicates gathering from the river network. A single type F124
artefact is similar to the Ludian limestones from the Issirac basin. The neocortex indicates that
it was gathered near a primary deposit. This type is also present in level Gb at Payre.
Finally, one type of flint is unknown (type F122b) and only one object has been identified.
It presents some similarities with the Ludian limestone silicification from Issaric Basin. Due to
the absence of neocortex, it is not possible to determine the formation type at the collection
location. This type of flint was only found in level Gb at Payre and could have been collected
east of the Rhoˆne, perhaps providing evidence of a crossing of the Rhoˆne River.
Four type F215 artefacts show a strong micropaleontological resemblance (presence of
large bryozoan debris characteristic of the Coniacian) to the Upper Turonian to Coniacian
limestones from the sector of Rochechinard (Droˆme) located on the left bank of the Isère.
Along with the F216 type present in level Gb, from more southerly Turonian limestones, these
types represent a group of flint derived from Upper Cretaceous formations characteristic of
the left bank of the Rhoˆne. Their neocortex indicates gathering in the river network.
For level Fb, most of the artefacts were collected from a local or semi-local perimeter, with a
few artefacts from over 30 km away from Payre. The lithological markers and the surface
aspects point to a provisioning domain limited to the river network on the right bank of the
Rhoˆne, towards the east and the south, apart from the presence of flint from the Upper Creta-
ceous formations on the left bank of the Rhoˆne (five objects). This type of behaviour is differ-
ent to the diversity of sources used by the occupants in the underlying level Gb.
Regarding technology and flint origin, three groups of objects can be identified (Fig 5,
Tables 6 and 7). For the local flints (F14 and F32), all the stages of the chaîne opératoire are rep-
resented at Payre, associated cortical flakes, non-cortical flakes are represented, but small flakes
of less than 15 mm, micro-flakes (retouch flakes) and rare cores are also present. These
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Fig 4. Map of the flint sources from level Fb at Payre.
https://doi.org/10.1371/journal.pone.0214925.g004
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products are from the most frequent debitage method, i.e., unifacial discoid type debitage, con-
ducted mainly on flakes. The few tools in the series are mainly on local flints (side scrapers,
points, denticulates), including type F120, which is sourced locally. As for the more distant
flint types, from sources located towards the east and the south in the regional sphere, the
number of objects from all stages the production series is reduced. Only small flakes and flake
fragments are present and most of these flakes are non-cortical and not retouched. The only
flint type from the left bank of the Rhoˆne is represented by non-cortical flakes and consists of
two small flakes and flake fragments.
Strontium isotope results
Enamel and dentine of three Neanderthal teeth were analysed for strontium isotope ratios.
87Sr/86Sr of the enamel and dentine samples for each individual do not match, indicating that
diagenetic overprint of the dentine occurred, altering the 87Sr/86Sr isotope ratio towards the
local value (Table 8). The Neanderthals from unit G (sample #6, sample#654) have higher
enamel 87Sr/86Sr isotope ratios of 0.71080±5 (2se) and 0.71069±2 (2se), respectively, compared
to the Neanderthal from unit F (sample #336) with a value of 0.70909±3 (2se). The comparison
of these values to the strontium isotope groups of France [75] excludes large areas of France as
potential childhood residence areas, such as the volcanic units of the Massif Central (isotope
group 1) and the granitic and metamorphic rock units (isotope group 4, 5) of the Massif Cen-
tral. The closest match for the unit G Neanderthals is isotope group 3, which includes the sedi-
ments of the Rhoˆne Valley and for unit F, isotope group 2, which includes the limestone units
of the higher elevation plateaus. Some overlap exists between the isotope groups, and these
results should be taken as a broad scale assignment rather than a classification to a single geo-
logical unit or geographic area (Figs 6 and 7).
Table 5. Types of flint recovered from level Fb at Payre.
Types F120 F14 F32 F35 F33 F165 F124 F215 F121 F122b
Potential
gathering
outcrops
Local Right bank
of the Rhoˆne
from Cruas
Right bank of
the Rhoˆne
from
Rochemaure,
present at
Saint-Marcel
d’Ardèche
Right bank
of the
Rhoˆne
from
Aubenas
Right
bank of
the Rhoˆne
from
Viviers
Right bank of
the Rhoˆne
from Saint
Montan
indeterminate Left bank of
the Rhoˆne?
Right bank of
the Rhoˆne
from
Rochemaure,
present at
Saint-Marcel
d’Ardèche
indeterminate
Stratigraphy Tithonian
(cave)
Barremo-
Bedoulian
Barremo-
Bedoulian
Sinemurian Barremo-
Bedoulian
Lutetian Ludian Upper
Turonian to
Coniacian
Barremo-
Bedoulian
Tertiary
Environment Marine
flint
Marine flint Marine flint Marine
flint
Marine
flint
Palustre flint Lacustrine
flint
Marine flint Marine flint Continental
silicification
Geological
formation
micritic
limestone
limestone
with spicules
limestone with
flint
micritic
limestone
limestone
with flint
calcrete with
Strophostoma
and Planorbis
chalky
limestone
limestone
with bryozoa
limestone
with flint
indeterminate
Geographical
origin
Payre
cliff-site
Cruas to
Larnas area
Rochemaure-
Le Teil
Aubenas Saint-
Thome´,
Bois de
Vallonge
Laval Saint-
Roman,
Ellieux
Issirac Bassin Rochechinard Viviers area
Rocherenard
indeterminate
Number of
objects in
level Fb
2 objects 142 objects
including 9
from
Rochemaure
15 objects 4 objects 3 objects 2 objects 2 objects 6 objects 5 objects 2 objects
Occurrence
in level Gb
yes yes indeterminate no yes no yes no yes yes
https://doi.org/10.1371/journal.pone.0214925.t005
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Discussion
Lithic provisioning strategies at Payre
The analysis of lithic artefacts from levels Gb and Fb show, that in general, flint types are simi-
lar in these and outcrops in the local and semi-local and sub-regional region (from local to 30
Fig 5. Overview of flint artefacts found in level Fb. (1) Unretouched flake with cortical zones (F14, local), (2) unretouched
flake (F14, local), (3) Bec by Clactonian notches (F32, local and semi-local), (4) unretouched flake (F32, local and semi-local),
(5) fragment of cortical flake (F215, East of the Rhoˆne River), and (6) a denticulate (F32, local and semi-local).
https://doi.org/10.1371/journal.pone.0214925.g005
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km) were used during both periods of occupation. The flint sources for both levels are located
to the east and south of Payre, on the low-altitude plateaus bordering the Rhoˆne Valley or
along the neighbouring river systems. The Rhoˆne Valley was rarely used for flint procurement
although small quantities of good-quality Alpine flint are present in the valley. Level Fb
includes flint that may have been sourced from the east bank of the Rhoˆne, potentially provid-
ing evidence of crossing the Rhoˆne River by the inhabitants of Payre. However, based on pres-
ent knowledge we cannot exclude procurement from the alluvial deposits of the Rhoˆne during
low water periods.
The main difference between the lithic provisioning strategies during two occupation
phases is that in level Gb, Neanderthals mostly collected raw materials from the colluviums,
whereas in level Fb, procurement mainly focused on alluvial deposits. Different procurement
patterns can result from many different factors including flint availability and quality, cultural
differences, environmental changes, or occupation types and durations. For the two studied
levels environmental conditions were similar and we find no evidence that flint availability or
quality differed. Furthermore, micro-wear analysis and studies of residues on flint artefacts do
Table 6. Flint sources and types of artefacts for level Fb (in number) at Payre.
F120 F14 F32 F35 F33 F165 F124 F215 F121 F122b
Local Semi-local
and sub-
regional
10–30 km
Regional perimeter 30–60 km East of the Rhoˆne
Micro-flakes< 10 mm 7 1
Flakes 10–15 mm from all phases 28 2 1 2 1
Fragments 1 21 3 1 1 1 1
Cortical flakes, first phases, with or without a back 8 1 1 1
Cortical flakes 1 1
Backed flakes 1 5 1 1
Flakes with a cortical back 9 1
Flakes with rare cortical patches (elongated, triangular, short) 15
Non-cortical flakes 36 6 1 1 1 1 3 2
Thick flakes from discoid cores or Quina-type 3 1
Levallois flakes 3
Kombewa flakes (various sizes) 4 1
Cores 3
Total 142 15 4 3 2 2 5 4 1
https://doi.org/10.1371/journal.pone.0214925.t006
Table 7. Flint sources and flake-tools determined in level Fb at Payre.
F14 F32 F35 F33 F122b
Origin Semi-local and sub-regional
10–30 km
Regional
30–60 km
Bec 2
Denticulate 4
Notch 3
Multiple tool 1
Point 1 1
Scraper 8 1
Denticulate scraper 3 2 1
Double scraper 4 1
https://doi.org/10.1371/journal.pone.0214925.t007
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not show any differences in the activities carried out on site, or any differences in the toolkits
[35, 79, 80, 81]. Flint debitage methods, although similar in technique, are less diversified in
level Fb (unifacial discoid debitage on flakes) compared to level Gb (unifacial, bifacial, multifa-
cial debitage with different methods). Large pre-knapped flint flakes were brought to the site
in both levels, from a local and semi-local zone. Note that in the other level Fa, above Fb, as in
level Gb, four large Levallois flakes and a very large retouched Levallois point were also proba-
bly brought to the site from a semi-local perimeter, and from 60 km away respectively (Fig 8).
Lithic analysis at Payre shows that procurement strategies are directly linked to the type
and duration of the occupation. The short-term occupants from level Fb gathered raw materi-
als in valleys (alluvial deposits), whereas those occupying the cave for longer time periods
(level Gb) moved about more on the plateaus (colluviums) and gathering flint during other
activities. Regardless of occupation duration, we observe that: (1) flint provisioning occurs
mainly in a local or semi-local perimeter, as does food sourcing and (2) flints from distant
sources are not retouched, in either level. During periods of shorter occupation (level Fb), we
observe that (1) distantly sourced flint types are more diversified, (2) tools are more frequent
and are always made from local flints, (3) the number of small lithic pieces is higher, (4) the
branching of the chaîne opératoire appears to be more marked with more flakes for debitage
being brought to the cave, and (5) other rock types are used in smaller quantities. Artefact
mobility appears to be higher for the short-term occupation of level Fb at Payre, with collection
occurring mostly in valleys, perhaps during the movement between sites. The carbon and oxy-
gen isotopic analysis of the faunal remains in the cave and one Neanderthal tooth [33, 34, 82]
show that the occupants of unit G were using the Rhoˆne Valley more often than those of level
F, whose activities are more closely linked to the plateaus above the site.
Table 8. Strontium isotope results for the Neanderthal remains.
Sample ID Material 87Sr/86Sr 2se Level
336 dentine 0.70945 0.00006 Fa
336 enamel 0.70909 0.00003 Fa
6 dentine 0.70871 0.00008 Gb
6 enamel 0.71080 0.00005 Gb
654 dentine 0.70922 0.00043 Ga
654 enamel 0.71069 0.00028 Ga
https://doi.org/10.1371/journal.pone.0214925.t008
Fig 6. Box and Whisker plot of the isotope groups of France [76] with lines indicating the enamel 87Sr/86Sr values
for the Payre samples.
https://doi.org/10.1371/journal.pone.0214925.g006
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Land use and mobility on a regional scale
A comparison between Payre (levels Gb and Fb) and three more neighbouring sites
(Saint-Bauzile, Abri des Pêcheurs, and Abri du Maras), using the same methodology, also sug-
gests a link between the types and duration of occupation and raw material procurement
patterns.
Fig 7. Strontium isotope groups based on the IRHUM database of 87Sr/86Sr isotope ratios of soil and plant
samples for France [76].
https://doi.org/10.1371/journal.pone.0214925.g007
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The site of Saint-Bauzile (Andance), located less than 1 km from Payre on a basaltic dome,
has yielded remains of short-term open-air occupations dated to before MIS 5 [83, 84]. The
main flint type (F14), derived from the Barremo-Bedoulian, was collected from colluvial and
alluvial Oligocene conglomerates ~5 km from the site. Type F14 flint is associated with some
semi-local Jurassic flint, silcrete (F120), and other regional flint. As at Payre, this open-air
Fig 8. Flint Levallois flakes from level Fa at Payre.
https://doi.org/10.1371/journal.pone.0214925.g008
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occupation shows preferential procurement on the plateau to the south. But in this case, pro-
curement is concentrated in a single sector (the plateau of Barrès several km from the site),
and is less diversified, suggesting opportunistic gathering on the way to the site.
The second comparison site of Abri des Pêcheurs is located to the west in the Chassezac
Valley, a tributary of the Ardèche River. The site records evidence of brief and recurrent occu-
pations by human groups (bivouacs) using the site as a refuge at the beginning of a severe cold
climate phase in the region. Several lithic series, primarily made up of non-retouched flakes
and cores in quartz (between 60 and 95% of the series), provide evidence of successive Middle
Palaeolithic human occupations between the end of MIS 5 and MIS 4 [24, 26, 85, 86, 87].
These series only contain flakes and three cores in flint. The type of procurement observed is
different to that identified in level Fb at Payre, even though occupation duration is similar. A
wider diversity of flint types from alluvial deposits and colluviums from a larger perimeter
extending in several directions is seen at Abri des Pêcheurs. This indicates toolkits may have
circulated from site to site. Twenty-seven flint deposit types (representing 21 genetic types)
have been identified. They correspond to many different gathering places; F34 and F14 type
from Larnas zone (30 km from the site), from colluviums to the south and north of the site
(F168), from the Barjac–Issirac basin around 20 km away (types F166, F167, F171, F179), the
Laval-Saint-Roman zone 25 km from the site (F165 and F172), from the Lumachelle and
Entrochal limestone less than 10 km south of the site (F35) (Tables A and B in S1 File).
A comparison of short-term occupations (Payre Fb, Abri des Pêcheurs, Saint-Bauzile), to
levels 4.1 and 4.2 (beginning of MIS 3) from Abri du Maras, located further south, on the
edges of the Ardèche River, shows that different provisioning strategies were seen for seasonal
occupations, with Levallois-type series present at Abri du Maras. The provisioning perimeter
is ~30 km with gathering occurring to the north and south of the site, on the plateaus. Pre-
knapped blades, points and large flakes were imported to the site and complementary Levallois
debitage on flake cores took place in the shelter [20]. This may suggest that the inhabitants of
this site anticipated their needs, travelling in a territory extending from the northern to the
southern plateaus. A total of 17 types of flint has been identified which indicates a restricted
procurement area along the right bank of the Rhoˆne [20].
Our petrographic and technological regional data indicate that procurement patterns differ,
sometimes in relation to the duration and type of occupation, but not in relation to technologi-
cal strategies, regardless of the age of the occupation. Through provisioning flint sources, we
can reconstruct that the occupants of Payre collected flint from the same formations at the
same chaîne évolutive, but in different locations. Our results indicate that the local and semi-
local perimeter was systematically exploited for the collection of certain types of flint and food
resources. The artefacts from the most distant sources, which are potentially the most mobile
objects, are no more retouched than the others. This situation is similar to other regions rich
in flint, such as the southwest of France, where the local network provides the most mobile
objects [88, 89]. At Payre, in level Gb, the small biface is the most frequently used local flint
type and the largest is in semi-local flint, which is also widely used. The other raw materials are
sometimes knapped before being brought to the site and are represented by small flakes, large
flakes or large shaped objects [31], indicating the circulation of objects in a local perimeter.
We observe two types of flint management based on the distance of raw material sources
and the type of occupation in this region. In levels Gb and Fb at Payre and at the Saint-Bauzile
site, large quantities of flint of diverse quality were gathered from the nearest deposits,
although occupation durations differ. The provisioning area comprises many flint deposits,
suggesting that flint was gathered during other subsistence activities. The presence of these
flint deposits may partly account for the choice of the occupation zone.
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At the site of Abri des Pêcheurs, the flint is sourced from many sectors, which correspond
to a wider operating area. Most of the flint sources are located to the east of the site and on the
edge of the Rhoˆne Valley. But as at Payre in level Gb, none of the identified facies come from
the other bank of the Rhoˆne. Flints (including local flints) appear to be transported, and not
knapped on site. The location of flint deposits is independent of the choice of habitat. The ter-
ritory is vast but appears to be limited to the right bank of the Rhoˆne. This could indicate a cir-
culation area of human groups using the cave on an occasional basis.
Unlike present models, these examples show that occupation type can be linked to procure-
ment type, proposing that relatively long-duration seasonal occupations are linked with mainly
local procurement, with some flint from more distant sources (collected during subsistence
activities or brought as a toolkit), and that occasional occupations are linked with local materi-
als, but also flakes from a wider zone knapped outside the site.
The age of the sites and the environmental conditions cannot completely explain these
strategies. Even if steppe-type plant cover during the Abri des Pêcheurs occupations, led to dif-
ferent types of subsistence and to the increased mobility of human groups. We are not able to
explain why flint from the most distant sources was only left at sites with short-duration occu-
pations. If this flint was moved from site to site as part of the toolkit, why does it not occur in
longer duration occupations? Lastly, how can we measure the degree of mobility of the most
abundant flint types found at all the sites? Comparisons can be extended to the southeast Mas-
sif Central plateaus of nearby Velay where contemporaneous occupations have also been
investigated at Sainte-Anne I and Baume-Valle´e (Haute-Loire). Although the geological condi-
tions are not identical at Payre and Sainte-Anne I (level J1 dated from MIS 6 to 5), raw material
procurement follows the same patterns at both sites. This shows that Neanderthals adapted to
the geological context according to their needs and types of occupation [77–80, 90–92]. The
same can be seen at Baume-Valle´e, where seasonal occupations dated to MIS 4 show the same
types of strategies and territorial occupation as at Payre and Sainte-Anne 1.
Neanderthal land use
Bordes [93], Bordes et al. [94] and Binford [95] proposed a model of different types of sites
having specific functions. Binford [1, 2, 3] and Kuhn [96] suggested that a relationship existed
between raw materials, tool types, and occupation duration. At Payre, our results from flint
procurement have led us to conclude that: (1) when hominins transported specialized tools
from distant outcrops (distant sources and mobile tools indicate provisioning from distant
outcrops) or used multifunctional and well-maintained tools, occupations were generally
short-term, and (2) when requirements were met by bringing raw material from local outcrops
to the site, along with some tools brought in by the group from other sites, occupations were
relatively stable and of longer duration. The first case indicates high human mobility, a special-
ized camp, or raw material scarcity, while the second case shows occupations based on the
exploitation of the site surroundings, with diverse activities taking place within a foraging
radius. Strontium results indicates the childhood land use pattern of three individuals and
shows they could have grown up near Payre. The long-distance flint present in level Gb can
thus be attributed to exchanges between groups or high Neanderthal mobility on plateaus bor-
dering the Rhoˆne River.
These models tend to contrast (1) definite mobility by small groups with frequent seasonal
movements in a local and semi-local area in relation to local resources and short-term occupa-
tions, such as task-specific locations or seasonal occupations with diverse activities, and (2) dif-
ferential mobility with base camps or longer occupations by whole groups and satellite camps
for specific activities by other task-groups with shorter occupations [3, 97–100].
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These patterns may vary throughout the year and in different regions. In a single site, such
as a cave or a rock shelter, different types of occupations can be observed over time [97–104].
For Middle Palaeolithic settlement organization in Europe, in the same region and environ-
mental context, diversified subsistence strategies seem to have coexisted [89, 105, 106]. In
south-western Europe, base camps and butchery sites exist in Crimea and south-eastern
France, where a variation of the radiating mode is recorded [12, 27]. In many cases, it is not
possible to distinguish a base camp from a seasonal camp or a hunting site. Subsistence activi-
ties and food consumption may have taken place together at relatively long-duration hunting
sites [12, 15, 90, 91, 107, 108].
The use of a classic analytical method alongside the genetic and post-genetic history of
flint shines a light on our understanding of raw material procurement. It enables us to accu-
rately identify procurement sites and thus to assess Neanderthal land use at a given site. On the
right bank of the Rhoˆne Valley, which forms a vast circulation corridor, the geological context
is rich in flint. The sites show that the circulation of human groups or exchanges between
groups are organized on the limestone formations, along a south-north axis on the plateaus on
the edge of the Rhoˆne Valley, or towards the east, the northeast and the southeast, partly fol-
lowing the river system. Hominids preferentially used large quantities of the most accessible
flints. The ridgelines were widely used as they are rich in flint, whereas the Rhoˆne Valley does
not seem to have been considered as a potential source. The distance to the furthest outcrops
can be over 60 km, or less than 30 km, at the different sites. However, the circulation of materi-
als collected from the periphery of the area is not characterized by more intensive use, unlike
at other sites, like those in southwest France. The meaning of mobile objects and rocks rarely
collected by Neanderthals thus remains difficult to explain. Mobile objects could represent
mobile tool kits, cf. [11, 109–112].
Previous studies show links between the availability of local rocks and the types of occupa-
tions [88, 113–115], as in the south-eastern margins of the Massif Central. In Spain, for
instance, in sites with short-term occupations, local stones are mainly associated with some
long-distance retouched objects, such as Teixoneres during MIS 5–3 [116–120]. At Abric del
Pastor [121], short occupations during MIS 5–4 indicate a radius of 15 km with some long-dis-
tance artefacts/preforms. At Las Callejuelas, at an altitude of 1,400 m [122], only local flint was
used during specialized occupation in mountain zones. In most of the sites, local materials
were predominantly used, even when they are of poor quality, and rocks from more distant
outcrops (30–100 km away) are often present only in small quantities, regardless of technologi-
cal behaviour and land use patterns, or the age of the occupation [12, 103, 123–130]. Neander-
thals used the valleys as circulation routes or crossed interfluves [131–133].
More rarely, the type of core technology (expedient or requiring more cost-investment)
influences logistics [134]. For example, at Abric Romani [135, 136], discoid technology is asso-
ciated with low mobility, unlike Levallois technology in south-western France [88, 111]. For
our sites, this is not the case. Distance from procurement zones is more dependent on the type
and duration of the occupation, even though the predominant use of discoid technology at
Payre is mainly associated with local procurement, whereas Levallois technology at Abri du
Maras is associated with broader procurement for most of the materials. As Turq et al. [88]
describe, we are in a “centrifugal” configuration for the most widely used local materials and a
“centripetal” configuration for the rare objects from more distant outcrops. In Belgium [137–
139], the technology and chaines opératoires are linked to the distance from raw material
sources and Levallois de´bitage is more frequent when the flint is near the site. In Central
Europe, the Micoquian indicates low raw material diversity (radiating model), while the Mous-
terian shows high raw material diversity (circulating model) [140].
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Neanderthal mobility
The extent of Neanderthal mobility is currently poorly understood. Lithic raw materials found
at Neanderthal sites are often local, with only a small percentage from sites more than 5 km
away, suggesting limited mobility during the occupation. Some exotic materials do occur at
sites, suggesting considerable Neanderthal mobility at times, like the suggested mobility
observed for Homo heidelbergensis [141, 142]. In a region with abundant flint resources where
the same types are regularly gathered from different places, it is difficult to explain mobility
patterns [143]. However, lithic materials can travel by exchange and thus are not a direct mea-
surement of mobility. Zooarchaeological evidence from the Quina Mousterian deposits from
the site of Jonzac (Charente-Maritime, France) indicates that Neanderthals hunted seasonally
abundant reindeer in short-term hunting camps [144]. This would support the idea of Nean-
derthals as highly mobile hunter-gatherers. Strontium isotopic investigations of reindeer by
Britton et al. [145] further support this interpretation, by showing that these reindeer were
probably killed during the same hunting event. Migrating herbivores can be considered as an
important prey species for Neanderthals and potentially exhibit complex and changing mobil-
ity patterns. This adds complexity when trying to infer Neanderthal childhood residence areas
from strontium isotopes because a change in strontium isotope ratios might simply reflect the
changing mobility pattern of the dominant food source. Richards et al. [146] first applied
strontium isotope tracing to directly investigate the mobility of a Neanderthal individual from
the site of Lakonis, in Greece. They argued that this individual spent its childhood in an area at
least 20 km away from the site. However, due to potential problems with the analytical tech-
nique they used, as well as the lack of a strontium isotope baseline map for the area, their inter-
pretation of the data has been disputed by Nowell and Horstwood [147] (see Richards et al.
[148] for further discussion). At Payre, the strontium isotope results indicate a childhood for-
aging area that broadly matches the lithic reconstructions, with the Rhoˆne Valley being pre-
dominantly used in unit G and the limestone plateaus in unit F. However, strontium isotope
ratios in tooth enamel reflect only the childhood foraging area, and thus may be decoupled
from lithics found in the same level. Nevertheless, our results support the idea of mobile Nean-
derthals in the Rhoˆne Valley and neighbouring higher elevation plateaus.
Conclusions
The combination of reconstructing lithic raw material sources, provisioning strategies, and
strontium analyses provides new details on how Neanderthals at Payre practised land use and
mobility in the Early Middle Palaeolithic. On the south-eastern fringes of the Massif Central,
the diverse Middle Palaeolithic strategies show a moderate link with occupation types and
duration, and with technology. The region contains abundant flint resources, which may
explain permanent choices and behavioural patterns, the circulating mode on limestone for-
mations, as well as the low intensity of artefact curation. Local materials are systematically
used regardless of occupation duration in a region where no specialized butchery sites have yet
been discovered. The higher diversity of flint types and thus of procurement sites during short
occupations has yet to be explained, as has the abandonment of the small toolkit during these
occupations. Local flint can circulate in the same way as objects from the regional perimeter,
putting the current land use model into question. Strontium analyses of human teeth at Payre
indicate food procurement during childhood occurred in a local to semi-local perimeter.
While lithics and teeth are not directly related, these findings agree with the foraging radius
suggested by the lithic analysis and suggest mobile Neanderthals in the Rhoˆne Valley and on
the surrounding higher elevation plateaus. Definitive data regarding circulation patterns,
information about circulation directions, minimum distances travelled, possible exchanges
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and topographical constraints remain unclear. The reasons behind the choice of some raw
materials also remain enigmatic as strategies may not be directly related to raw material acces-
sibility and abundance. Further research is required in order to understand the cultural factors
behind land use patterns and the choice and use of specific raw materials by Neanderthals.
Supporting information
S1 File. Table A. Types of flint used at Abri des Pêcheurs in the Middle Palaeolithic sequence
(MIS 4), after [84]. Table B. Types of flint and products in the Middle Palaeolithic sequence at
Abri des Pêcheurs.
(DOCX)
Acknowledgments
This study was conducted as part of two collective research projects focusing on Neanderthal
subsistence territories (J-P. Raynal and M.-H. Moncel dir.) and the origins of flints (C. Bressy,
dir. and P. Fernandes, dir.), with the support of the project Origines (J.-P. Raynal and J.L. Gua-
delli, dir.).
Strontium isotope analyses were conducted at the Research School of Earth Sciences, The
Australian National University, Canberra.
We thank J-P. Raynal for comments on the manuscript. The paper was edited by Louise
Byrne, a native English official translator. We would like to thank the editor and the two review-
ers for their comments and suggestions, which greatly improved the quality of the manuscript.
Author Contributions
Conceptualization: Marie-He´lène Moncel, Malte Willmes.
Data curation: Marie-He´lène Moncel, Paul Fernandes, Malte Willmes, Hannah James.
Formal analysis: Malte Willmes.
Funding acquisition: Marie-He´lène Moncel, Rainer Gru¨n.
Methodology: Paul Fernandes, Malte Willmes, Hannah James, Rainer Gru¨n.
Project administration: Marie-He´lène Moncel.
Resources: Paul Fernandes, Malte Willmes, Hannah James.
Supervision: Marie-He´lène Moncel.
Validation: Marie-He´lène Moncel.
Visualization: Marie-He´lène Moncel.
Writing – original draft: Marie-He´lène Moncel, Paul Fernandes, Malte Willmes, Hannah
James.
References
1. Binford LR. Willow smoke and dogs’ tails: hunter-gatherer settlement systems and archaeological site
formation. Amer. Ant. 1980: 4–20.
2. Binford LR. The archaeology of place. J. of Anth. Arch. 1. 1982: 5–33.
3. Binford LR. In pursuit of the past. London: Thames and Hudson. 1983.
4. Gamble C. Palaeolithic society and the release from proximity: a network approach to intimate rela-
tions (Human social evolution). World Archaeol 29. 1998: 426–449.
Rocks, teeth, and tools: New insights into early Neanderthal mobility strategies in South-Eastern France
PLOS ONE | https://doi.org/10.1371/journal.pone.0214925 April 3, 2019 23 / 30
5. Texier J-P, Brugal J-P, Lemorini C, Wilson L. Fonction d’un site du Pale´olithique moyen en marge d’un ter-
ritoire. L’Abri de La Combette (Bonnieux, Vaucluse). In: Brugal J-P, Meignen L, Patou-Mathis M (Eds)
E´ conomie Pre´historique; Les comportements de subsistence au Pale´olithique XVIII Rencontre Internatio-
nales d’Arche´ologie et d’Histoire d’Antibes. E´ ditions APDCA, Sophia Antipolis, Antibes. 1998: pp. 325–
348.
6. Texier P-J, Brugal J-P, Lemorini C, The´ry I, Wilson L. Abri du Pont de La Combette (Bonnieux, Vau-
cluse): variabilite´ intrasite des comportements ne´andertaliens. 126e Congrès national des socie´te´s
historiques et scientifiques, Toulouse, 2001: Territoires, de´placements, mobilite´, e´changes durant la
Pre´histoire. 2005: pp 115–130.
7. Roebroeks W, Tuffreau A. Palaeoenvironment and settlement patterns of the Northwest European
Middle Palaeolithic. In: Roebroeks W, Gamble C (Eds) The Middle Palaeolithic occupation of Europe.
University of Leiden, Leiden. 1999: pp. 121–138.
8. Gaudzinski S, Roebroeks W. Adults only. Reindeer hunting at the Middle Palaeolithic site Salzgitter
Lebenstedt, northern Germany. J. Hum. Evol. 38(4). 2000: 497–521. https://doi.org/10.1006/jhev.
1999.0359 PMID: 10715194
9. Conard NJ, Prindiville TJ. Middle Palaeolithic Hunting Economies in the Rhineland. Int. J. Osteoarch-
aeol 10. 2000: 286–309.
10. Grayson DK, Delpech F. Specialized early upper Palaeolithic hunters in Southwestern France? J
Archaeol Sci 29. 2002: 1439–1449.
11. Costamagno S, Meignen L, Beauval C, Vandermeersch B, Maureille B. Les Pradelles (Marillac-le-
Franc, France): A mousterian reindeer hunting camp?, J. of Anth. Arch. 25. 2006: 466–484.
12. Burke A. Neanderthal settlement patterns in Crimea: a landscape approach. J. of Anth. Arch. 25.
2006: 510–523.
13. Burke A. Spatial abilities, cognition and the pattern of Neanderthal and modern human dispersals.
Quat. Int. 247. 2010: 230–235.
14. Grove M. Hunter-gatherer movement patterns: Causes and constraints. J. of Anth. Arch. 28. 2009:
222–233.
15. Daujeard C, Moncel M-H. On Neanderthal subsistence strategies and land use: a regional focus on
the Rhoˆne Valley area in southeastern France. J. of Anth. Arch. 29. 2010: 368–391.
16. Moncel M-H (dir.) et al. Payre. Des occupations humaines de la moyenne valle´e du Rhoˆne en contexte
de grotte et d’abri de la fin du Ple´istocène moyen et du de´but du Ple´istocène supe´rieur. Bilan des
fouilles 1990–2002. Me´moire de la Socie´te´ Pre´historique Franc¸aise 46. 2008.
17. Combier J. Le Pale´olithique de l’Ardèche dans son cadre bioclimatique, Me´moire 4, Bordeaux. 1967.
18. Moncel M-H, Debard E, Desclaux E, Dubois J-M, Lamarque F, Patou-Mathis M, Vilette P. Le cadre de
vie des hommes du Pale´olithique moyen (stades isotopiques 6 et 5) dans le site de Payre (Rompon,
Ardèche): d’une grotte à un abri-sous-roche effondre´, BSPF 99(2). 2002: 249–275.
19. Moncel M-H, Daujeard C. The variability of the Middle Palaeolithic on the right bank of the Middle
Rhoˆne Valley (South-East of France): technical traditions or functional choices? In Carbonnel E. (e´d.),
Special Issue Abric Romani (1909–2009)—The Neanderthal Home: Spatial and social behaviour, Tar-
ragona (6–9 octobre 2009), Quat. Int. 247. 2012: 103–124.
20. Moncel M-H, Chacon Navarro MG, La Porta A, Fernandes P, Hardy B, Gallotti R. Middle Palaeolithic
technical behavior in a rock shelter in southeastern France: the Abri du Maras, Quat. Int., Special
Issue (Behavior, Late Middle Palaeolithic, Huw Grocutt) 350. 2014: 180–204.
21. Moncel M-H, Condemi S. De´couverte de dents humaines dans le site Pale´olithique moyen de Payre
(Ardèche, France), C. R. Acad. Scie. 322, se´rie IIa. 1996: 251–257.
22. Moncel M-H, Condemi S. Des restes humains dans le site Pale´olithique moyen ancien de Payre
(Ardèche): dents et parie´tal. Nouvelles de´couvertes de 1996, BSPF 94(2). 1997: 68–171.
23. Moncel M-H, Condemi S. The human remains of the site of Payre (S-E France, OIS 7–5), Remarks on
Stratigraphic position and interest, Anthropologie XLV/1. 2007: 7–17.
24. Masaoudi H, Falgueres C, Bahain J-J, Yokohama Y, Lhomme G. Datation d’ossements et de plan-
chers stalagmitiques provenant de l’abri des Pêcheurs (Ardèche) par la me´thode des de´se´quilibres
des familles de l’uranium, Quatern. 5–2. 1994: 79–83.
25. Valladas H, Mercier N, Ayliffe L, Falgueres C, Bahain J-J, Dolo J-M, et al. Chronology of the Middle
Paleolithic sequence of Payre (Ardèche, France) based on radiometric dating methods, Quat. Geoch.
3–4. 2008: 377–389.
26. Cregut-Bonnoure E. Les Ovibovini et Caprini (Mammalia, Artiodactyla, Bovidae, Caprinae) du Plio-
Ple´istocène d’Europe: syste´matique, e´volution et biochronologie, Thèse de Doctorat d’Etat ès Sci-
ences, Universite´ de Lyon I. 2002.
Rocks, teeth, and tools: New insights into early Neanderthal mobility strategies in South-Eastern France
PLOS ONE | https://doi.org/10.1371/journal.pone.0214925 April 3, 2019 24 / 30
27. Daujeard C. Exploitation du milieu animal par les Ne´anderthaliens dans le Sud-Est de la France,
Thèse de doctorat de l’Universite´ Lyon 2. 2008.
28. Daujeard C, Moncel M-H, Rivals F, Fernandez P, Auguste P, Aureli D, et al. Quel type d’occupation
pour l’ensemble F de Payre (Ardèche, France)? Halte de chasse spe´cialise´e ou campement de courte
dure´e? Un exemple d’approche multi disciplinaire. In: S. Costamagno, F. Bon & N. Valdeyron (Dir.)
Les Haltes de chasse en pre´histoire: Quelles re´alite´s arche´ologiques?, Toulouse (13–15 mai 2009).
Paelethnologie 3. 2011: 77–103.
29. Moncel M-H, Alue´ E, Bailon S, Barshay-Szmidt C, Bearez P, Cre´gut E, et al. Evaluating the integrity of
palaeoenvironmental and archaeological records in MIS 5 to 3 karstic sequences from southeastern
France, Colloque Intimate, Ghent. Quat. Int. 378. 2015: 22–39.
30. Rufà A, Blasco R, Roger T, Moncel M-H. What is the taphonomic agent responsible for the avian accu-
mulation? An approach from the Middle and early Late Pleistocene assemblages from Payre and Abri
des Pêcheurs (Ardèche, France), Special issue Birds-Humans, Quat. Int. 42. 2016: 46–61.
31. Moncel M-H, Borel A, De Lombera A., Sala R, Deniaux B. Quartz et quartzite dans le site de Payre
(MIS 7 et 5, Ardèche, France): donne´es techno-e´conomiques sur la gestion de roches locales au
Pale´olithique moyen, CR Palevol 7. 2008: 441–451.
32. Rivals F, Moncel M-H, Patou- Mathis M. Seasonality and intra-site variation of Neanderthal occupa-
tions in the Middle Palaeolithic locality of Payre (Ardèche, France) using dental wear analyses. J.
Arch. Sci. 36(4). 2009: 1070–1078.
33. Ecker M, Bocherens H, Julien MA, Rivals F, Raynal JP, Moncel M-H. Middle Pleistocene ecology and
Neanderthal subsistence: insights from stable isotope analyses in Payre (Ardeche, southeastern
France). J. Hum. Evol. 65(4). 2013: 363–373. https://doi.org/10.1016/j.jhevol.2013.06.013 PMID:
23920410
34. Bocherens H, Bonilla MDZ, Daujeard C, Fernandes P, Raynal JP, Moncel M-H. Direct isotopic evi-
dence for subsistence variability in Middle Pleistocene Neanderthals (Payre, southeastern France).
Quat. Sci. Rev. 154. 2016: 226–236.
35. Hardy BL, Moncel M-H. Neanderthal Use of Fish, Mammals, Birds, Starchy Plants and Wood 125–
250,000 Years Ago. PLoSOne 6(8). 2011: e23768.
36. Pedergnana A, Olle´ A, Borel A, Moncel M-H—Microwear study of quartzite artefacts: Preliminary
results from the Middle Pleistocene site of Payre (South-eastern France), Arch. and Anth. Sci. 10(2).
2018: 369–388.
37. Baena J, M-H Moncel F, Cuartero M G, Chaco´n D, Rubio P. Late Middle Pleistocene genesis of Nean-
derthal technology in Western Europe. The case of Payre site (southeast France). Quat. Int. 436.
2017: 212–238.
38. Fernandes P. Pe´troarche´ologie des mate´riaux siliceux utilise´s au Pale´olithique moyen dans le sud du
Massif central: me´thodologie et re´sultats pre´liminaires, Me´moire de diploˆme de l’EHESS, Toulouse.
2006.
39. Fernandes P., Raynal J-P., Moncel M-H. Middle Palaeolithic Raw Material Gathering Territories and
Neandertal mobility in the Southern Massif Central of France: First Results from a Petro-Archaeolog-
ical Study on Flint, J. of Arch. Sci. 35: 2008: 2357–2370.
40. Boe¨da E, Geneste J-M, Meignen L. Identification de chaıˆnes ope´ratoires lithiques du Pale´olithique
ancien et moyen. Paleo 2. 1990: 43–80.
41. Geneste J-M. Systèmes d’approvisionnement en matières premières au Pale´olithique moyen et au
Pale´olithique supe´rieur en Aquitaine. In: M. Otte (Ed.) L’Homme de Ne´andertal, La Mutation.
1988: pp. 61–70.
42. Geneste J-M, Jaubert J, Lenoir M, Meignen L, Turq A. Approche technologique des Mouste´riens char-
entiens du sud-ouest de la France et du Languedoc oriental. Paleo 9. 1997: 101–142.
43. Khun SL. Mousterian Lithic Technology. An Ecological Perspective. Princeton, Princeton University
Press. 1995.
44. Carmignani L, Moncel M-H, Fernandes P, Wilson L. Technological variability during the Early Middle
Palaeolithic in Western Europe. Reduction systems and predetermined products at the Bau de l’Aube-
sier and Payre (South-East France). PlosOne 12(6). 2017: e178550.
45. Besanc¸on J. Les figures d’alte´ration des silex du Liban et leurs implications, Arche´ologie au Levant,
Recueil à la me´moire de R. Saidah, CMO 12, Arch. 9, Lyon: Maison de l’Orient et de la Me´diterrane´e
Jean Pouilloux. 1982: pp. 21–32.
46. Purdy B-A, Clark D-E. Weathering of inorganic materials: dating and other applications, Adv. in Arch.
Met. and Th. 11. 1987: pp. 211–253.
47. Lavin L, Prothero DR. Prehistoric procurement of secondary sources: The case for characterization.
North American Arch. 13/2. 1992: 97–113.
Rocks, teeth, and tools: New insights into early Neanderthal mobility strategies in South-Eastern France
PLOS ONE | https://doi.org/10.1371/journal.pone.0214925 April 3, 2019 25 / 30
48. Fernandes P. Itine´raires et transformations du silex: une pe´troarche´ologie refonde´e, application au
Pale´olithique moyen. Thèse de doctorat, Universite´ de Bordeaux 1, 2 volumes, 2012.
49. Graetsch H-A, Gru¨berg J-M. Microstructure of flint and other chert raw materials, Archaeometry 54
(1). 2012: 18–36.
50. Aubry MP, Dewolf Y, Muxart T. Alte´ration des silex de la craie, e´tude expe´rimentale, première obser-
vation. C. R. Acad. des Sci. 280 D 1975: 1509–1512.
51. Embry AF, Klovan JE. A late Devonian reef tract on northeastern Bank Island. Bulletin of Canadian
petroleum geology 19. 1971: 730–781.
52. Se´ronie-Vivien M, Se´ronie-Vivien M-R. Les silex du Me´sozoïque nord-aquitain: approche ge´ologique
de l’e´tude des silex pour servir à la recherche pre´historique. Bordeaux, Socie´te´ linne´enne de Bordeaux
(Bulletin de la Socie´te´ linne´enne de Bordeaux—Supple´ment au tome 15). 1987.
53. Le Ribault L. L’exoscopie me´thode et application, Paris: Compagnie Franc¸aise des Pe´troles, Service
Ge´ologique D.C.E.P (E´ d.). 1975.
54. Burroni D, Randolph E, Donahue R, Pollard AM. The surface features of flint artefacts as a record of
environmental processes. J. Arch. Sci. 29. 2002: 1277–1287.
55. Hardaker T. The artefacts from the present land surface at the Palaeolithic site of Warren Hill, Suffolk,
England. Proceeding of the Geologists’ Association 123. 2012: 692–713.
56. Thiry M, Fernandes P, Milnes A, Raynal JP. Driving forces for the weathering and alteration of silica in
the regolith: implications for studies of prehistoric flint tools. Earth Sci. Rev. 136. 2014: 141–154.
57. Fernandes P, Le Bourdonne F-X, Raynal JP, Poupeau G, Piboule M, Moncel M-H. Origins of prehis-
toric flints: the neocortex memory revealed by Scanning Electron Microscopy, CR Palevol 6. 2007:
557–568.
58. Boe¨da E. Le de´bitage discoïde et le de´bitage Levallois re´current centripète. BSPF 90 (6). 1993: 392–
404.
59. Boe¨da E. Le Concept Levallois: variabilite´ des me´thodes. Monographies du CRA 9. Paris, CNRS.
1994.
60. Faure G, Mensing TM. Isotopes: Principles and Applications. In 3rd edition. John Wiley and Sons
Inc., Hoboken, New Jersey. 2005.
61. Price TD, Burton JHH, Bentley RA. The Characterization of Biologically Available Strontium Isotope
Ratios for the Study of Prehistoric Migration. Archaeometry 44(1). 2002: 117–135.
62. Bentley RA. Strontium Isotopes from the Earth to the Archaeological Skeleton: A Review. J. Archaeol.
Method Theory 13(3). 2006: 135–187.
63. Evans JA, Montgomery J, Wildman G, Boulton N. Spatial variations in biosphere 87Sr/86Sr in Britain.
J. Geol. Soc. London. 167(1). 2010: 1–4.
64. Frei R, Frei KM. The geographic distribution of Sr isotopes from surface waters and soil extracts over
the island of Bornholm (Denmark)—A base for provenance studies in archaeology and agriculture.
Appl. Geochemistry 38. 2013: 147–160.
65. Montgomery J, Evans JA, Cooper RE. Resolving archaeological populations with Sr-isotope mixing
models. Appl. Geochemistry 22(7). 2007: 1502–1514.
66. Slovak NM, Paytan A. Handbook of Environmental Isotope Geochemistry. In Handbook of Environ-
mental Isotope Geochemistry. Springer, Berlin, Heidelberg. 2012.
67. Maurer AF, Galer SJG, Knipper C, Beierlein L, Nunn EV, Peters D, et al. Bioavailable 87Sr/ 86Sr in dif-
ferent environmental samples—Effects of anthropogenic contamination and implications for isoscapes
in past migration studies. Sci. Total Environ. 433. 2012: 216–229. https://doi.org/10.1016/j.scitotenv.
2012.06.046 PMID: 22796412
68. Capo RC, Stewart BW, Chadwick OA. Strontium isotopes as traces of ecosystem processes: theory
and methods. Geoderma 82. 1998: 197–225.
69. Beard BL, Johnson CM. Strontium isotope composition of skeletal material can determine the birth
place and geographic mobility of humans and animals. J. Forensic Sci. 45(5). 2000: 1049–61. PMID:
11005180
70. Willmes M, McMorrow L, Kinsley L, Armstrong RA, Aubert M, Eggins S, Falguères C, Maureille B, Mof-
fat I, Gru¨n R. The IRHUM (Isotopic Reconstruction of Human Migration) database–bioavailable stron-
tium isotope ratios for geochemical fingerprinting in France. Earth Syst. Sci. Data 6(1). 2014: 117–
122.
71. Willmes M, Kinsley L, Moncel M H, Armstrong RA, Aubert M, Eggins S, et al. Improvement of laser
ablation in situ micro-analysis to identify diagenetic alteration and measure strontium isotope ratios in
fossil human teeth. J. of Arch. Sci. 70. 2016: 102–116.
Rocks, teeth, and tools: New insights into early Neanderthal mobility strategies in South-Eastern France
PLOS ONE | https://doi.org/10.1371/journal.pone.0214925 April 3, 2019 26 / 30
72. Moore LJ, Murphy TJ, Barnes IL, Paulsen PJ. Absolute isotopic abundance ratios and atomic weight
of a reference sample of strontium. J. Res. Natl. Inst. Stand. Technol. 87(1). 1982: 1–8.
73. Thirlwall MF. Long-term reproducibility of multicollector Sr and Nd isotope ratio analysis. Chem. Geol.
Isot. Geosci. Sect. 94(2). 1991: 85–104.
74. McArthur JM. Recent trends in strontium isotope stratigraphy. Terra Nov. 6. 1994: 331–358.
75. Hans U, Kleine T, Bourdon B. Rb–Sr chronology of volatile depletion in differentiated protoplanets:
Babi, Ador and All revisited. Earth Planet. Sci. Lett. 374. 2013: 204–214.
76. Willmes M, Bataille C P, James H F, Moffat I, McMorrow L, Kinsley L, et al. Mapping of bioavailable
strontium isotope ratios in France for archaeological provenance studies. Applied Geochemistry 90.
2018: 75–86.
77. Fernandes P, Raynal JP. Pe´troarche´ologie du silex: un retour aux sources, CR Palevol 5. 2006: 829–
837.
78. Fernandes P, Raynal JP, Moncel M-H. L’espace mine´ral au pale´olithique moyen dans le sud du Massif
central: premiers re´sultats pe´troarche´ologiques, CR Palevol 5. 2006: 981–993.
79. Moncel M-H, Chacon-Navarro MG, Coudeneau A, Fernandes P. Points and convergent edges in the
Early European Middle Paleolithic site of Payre (SE, France). J. Arch. Sci. 36. 2009: 1892–1909.
80. Moncel M-H. Technological Behavior and Mobility of Human Groups Deduced from Lithic Assem-
blages in the Late Middle and Early Late Pleistocene of the Middle Rhoˆne Valley (France). In: N.J. &
Richter J. (Eds.) Neanderthal lifeways, subsistence and technology. One hundred fifty years of Nean-
derthal Study. Springer, New York. 2011: pp. 261–287.
81. Moncel M-H. La gestion de l’espace au travers de l’exploitation des matières premières dans la moy-
enne valle´e du Rhoˆne en France du stade isotopique 9 au de´but du stade 3: des mate´riaux varie´s et
collecte´s au plus près par des groupes très mobiles, in Surmely F., Vergain, P., Rigaud, J-P., Cleyet-
Merle, J-J., Table ronde internationale: Les matières premières lithiques en Pre´histoire, Aurillac.
2002: pp. 227–235.
82. Moncel M-H, Rivals F. On the question of short Neanderthal occupations through lithic assemblages.
J. of Anth. Res. 67 (1). 2011: 47–77.
83. Bernard-Guelle S, Rue´ M., Fernandes P. Le site mouste´rien d’Andance (Saint-Bauzile, Ardèche): un
habitat de hauteur en contexte basaltique dans la moyenne valle´e du Rhoˆne. BSPF 108 (4). 2011:
671–697.
84. Moncel M-H, Lhomme G. Les assemblages lithiques des niveaux du Pale´olithique moyen de l’Abri des
Pêcheurs (Ardèche, sud-est de la France). Des occupations ne´andertaliennes re´currentes dans un
fosse´, L’Anthropologie 111. 2007: 211–253.
85. Moncel M-H, Brugal J-P, Prucca A, Lhomme G. Mixed Occupation during the Middle Palaeolithic:
case study of a small pit-cave site of Les Pêcheurs (Ardèche, south-eastern France), J. of Anth. Arch.
27. 2008: 382–398.
86. Fernandes P, Moncel M-H, Lhomme G. Analyse des comportements face aux ressources mine´rales
de deux sites du Pale´olithique moyen: Payre, Abri des Pêcheurs (Ardèche, France), Congrès interna-
tional de Florence, Approaches to the study of lithic technology, Rivista di Scienze Preistoriche LVII.
2010: 31–42.
87. Goval E´ . Peuplements ne´andertaliens dans le nord de la France: territoires, industries lithiques et
occupations humaines durant la phase re´cente du Pale´olithique moyen. CNRS e´ditions. 2012.
88. Turq A, Faivre JP, Gravina B, Bourguignon L. Building models of Neanderthal territories from raw
material transports in the Aquitaine Basin (southwestern France). Quat. Int. 433. 2017: 88–101.
89. Raynal J-P, Moncel M-H, Fernandes P, Santagata C, Guadelli J-L, Fernandez P, et al. Espace mine´ral
et espace de subsistance au Pale´olithique moyen dans le sud du Massif Central en France: les sites
de Sainte-Anne I (Hautre-Loire) et de Payre (Ardèche). In: M.H. Moncel, A.M. Moigne, M. Arzarello, C.
Peretto (Eds.) Raw Material Supply Areas and Food Supply Areas. Integrated approach of the behav-
iours, British Archaeological Reports International Series S1725. 2008: pp. 141–161.
90. Raynal JP, Moncel MH, Daujeard C, Fiore I, Tagliacozzo A, Fernandes P, et al. Neanderthal land-use
and related tool-kits at the MIS 5/4 boundary in the South-East portion of the French Massif Central.
In: Ruebens, Romanowska, Bynoe, Unravelling the Palaeolithic Ten years of research at the Centre
for the Archaeology of Human Origins (CAHO, University of Southampton), University of Southamp-
ton Series in Archaeology 8, BAR International Series 2400. 2012: 53–72.
91. Raynal J-P., Moncel M-H., Fernandes P., Bindon P., Daujeard C., Fiore I., et al. From Lower to Middle
Palaeolithic in the South-East portion of the French Massif Central: land-cognition and use, related
tool-kits and archaeo-ethnographical perspectives, Quarta¨r. 60: 2013: 29–59.
92. Masson A. Pe´troarche´ologie des roches siliceuses, inte´rêt en Pre´histoire. Unpublished Ph.D. Thesis,
Universite´ Claude Bernard Lyon I, 1035. 1981.
Rocks, teeth, and tools: New insights into early Neanderthal mobility strategies in South-Eastern France
PLOS ONE | https://doi.org/10.1371/journal.pone.0214925 April 3, 2019 27 / 30
93. Bordes F. A tale of two caves. HarperCollins Publishers. 1972.
94. Bordes F, Rigaud JP, de Sonneville-Bordes D. Des buts, problèmes et limites de l’arche´ologie pale´o-
lithique. Quaternaria 16. 1972: 15–34.
95. Binford LR. Faunal Remains from Klasies River Mouth. New-York, Academic Press. 1984.
96. Kuhn S. On planning and curated technologies in the Middle Paleolithic. J. of Anth. Res. 48. 1992:
185–214.
97. Roebroeks W. From find scatters to Early hominid behaviour. A study of Middle Palaeolithic riverside
settlements at Maastricht-Belve´dère (The Netherlands). Analecta Praehistorica Leidensia 21,
Leiden.1988.
98. Shea J. Neandertal and early modern human behavioral variability. Curr. Anth. 39. 1997: 45–78.
99. Conard NJ. Advances and problems in the study of Paleolithic settlement systems. In: Conard N (ed)
Settlement Dynamics of the Middle Paleolithic and Middle Stone Age, Tu¨bingen: Kerns Verlag.
2001: pp 7–20.
100. Callow P, Cornford JM. La Cotte de St Brelade 1961–1978. Excavations by C.B.M. Mc Burney, Geo-
Books Edition ed, Cambridge. 1986.
101. Jaubert J, Lorblanchet M, Laville H, Slott-Moller R. Les chasseurs d’Aurochs de La Borde: un site du
Pale´olithique moyen (Livernon, Lot). Les Documents d’Arche´ologie Franc¸aise CNRS. 1990.
102. Geneste J-M, Jaubert J. Les sites pale´olithiques à grands bovide´s et les assemblages lithiques: chron-
ologie, techno-e´conomie et cultures. In: Brugal J-P, David F, Enloe JG, Jaubert J (eds) Le Bison: gib-
ier et moyen de subsistance des hommes du Pale´olithique aux Pale´oindiens des grandes plaines,
Actes du colloque international de Toulouse, 1995. APDCA, Sophia Antipolis. 1999: pp 185–215.
103. Conard NJ, Bolus M, Mu¨nzel SC. Middle Paleolithic land use, spatial organization and settlement
intensity in the Swabian Jura, southwestern Germany. Quat. Int. 247. 2012: 236–245.
104. Rolland N. Determinants of Middle Paleolithic Settlement organization: a review of evidence, based on
the record from western Europe. In: (ed.) NJC (ed) Settlement Dynamics of the Middle Paleolithic and
Middle Stone Age. Kerns Verlag, Tu¨bingen. 2001: pp 545–571.
105. Richter J. Neanderthals in their landscape. In: Demarsin B, Otte M (eds) Neanderthals in Europe Pro-
ceedings of the International Conference held in the Gallo-Roman Museum in Togeren (September
17-19th 2004). ERAUL 117—Tongeren, ATVATVCA 2, Liège. 2006: pp 51–66.
106. Kowalewski SA. Regional settlement pattern studies. J. of Arch. Res. 16. 2008: 225–285.
107. Daujeard C, Fernandes P, Guadelli JL, Moncel MH, Santagata C, Raynal JP. Neanderthal subsistence
strategies in Southeastern France between the plains of the Rhoˆne Valley and the mid-mountains of
the Massif Central (MIS 7 to MIS 3). Quat. Int. 252. 2012: 32–47.
108. Moncel M-H. L’exploitation de l’espace et la mobilite´ des groupes humains au travers des assem-
blages lithiques à la fin du Ple´istocène moyen et au de´but du Ple´istocène supe´rieur. La moyenne val-
le´e du Rhoˆne entre Droˆme et Ardèche, BAR I.S. 1184. 2003.
109. Fe´blot-Augustins J. Mobility Strategies in the Late Middle Palaeolithic of Central Europe and Western
Europe: Elements of Stability and Variability. J. of Anth. Arch. 12. 1993: 211–265.
110. Delagnes A. Système techniques, subsistance et mobilite´ au Pale´olithique moyen: interactions et
implications diachroniques. Habilitation à diriger des recherches, Universite´ de Bordeaux 1. 2010.
111. Delagnes A, Rendu W. Shifts in Neandertal mobility, technology and subsistence strategies in western
France. J. Arch. Sci. 38(8). 2011: 1771–1783.
112. Brenet M, Chadelle JP, Claud E´ , Colonge D, Delagnes A, Deschamps M, et al. The function and role
of bifaces in the Late Middle Paleolithic of southwestern France: Examples from the Charente and Dor-
dogne to the Basque Country. Quat. Int. 428. 2017: 151–169.
113. Baena J, Carrio´n E, Cuartero F, Fluck H. A chronicle of crisis: The Late Mousterian in north Iberia
(Cueva del Esquilleu, Cantabria, Spain). Quat. Int. 247. 2012: 199–211.
114. Thie´baut C, Mourre V, Turq A. Diversite´ des mate´riaux et diversite´ des sche´mas de production au sein
de l’industrie mouste´rienne de la couche K des Fieux. BSPF 106(2). 2009: 239–256.
115. Cl Thie´baut, Mourre V, Chalard P, Colonge D, Coudenneau A, Deschamps M, et al. Lithic technology
of the final Mousterian on both sides of the Pyrenees. Quat. Int. 247. 2012: 182–198.
116. Ardèvol RI, Blasco R, Rivals F, Chacoˆn MG, Mene´ndez L, Morales JI, et al. A stop along the way: the
role of Neanderthal groups at level III of Teixoneres Cave (Moià, Barcelona, Spain). Quat. 21(2).
2010: 139–154.
117. Lo´pez-Garcı´a JM, Blain HA, Burjachs F, Ballesteros A, Allue´ E, Cuevas-Ruiz GE, et al. A multidisci-
plinary approach to reconstructing the chronology and environment of southwestern European Nean-
derthals: the contribution of Teixoneres cave (Moià, Barcelona, Spain). Quat. Sci. Rev. 43. 2012: 33–
44.
Rocks, teeth, and tools: New insights into early Neanderthal mobility strategies in South-Eastern France
PLOS ONE | https://doi.org/10.1371/journal.pone.0214925 April 3, 2019 28 / 30
118. Sa´nchez-Herna´ndez C, Rivals F, Blasco R, Rosell J. Short, but repeated Neanderthal visits to Teixo-
neres Cave (MIS 3, Barcelona, Spain): a combined analysis of tooth microwear patterns and seasonal-
ity. J. Arch. Sci. 49. 2014: 317–325.
119. Rios-Garaizar J, Garate Maidagan D, Gamez-Olivencia A, Iriarte E, Arceredillo-Alonso D, Iriarte-Chia-
pusso MJ et al. Short-term Neandertal occupations in the late Middle Pleistocene of Arlanpe (Lemoa,
northern Iberian Peninsula). CR Palevol 14(3). 2015: 233–244.
120. Bustos-Pe´rez G, Chaco´n M G, Rivals F, Blasco R, Rosell J. Quantitative and qualitative analysis for
the study of Middle Paleolithic retouched artifacts: Unit III of Teixoneres cave (Barcelona, Spain). J.
Arch. Sci.: Reports 12. 2017: 658–672.
121. Machado J, Hernandez CM, Mallol C, Galvan B. Lithic production, site formation and Middle Palaeo-
lithic palimpsest analysis: in search of human occupation episodes at Abric del Pastor Stratigraphic
Unit IV (Alicante, Spain). J. Arch. Sci. 40(5). 2013: 2254–2273.
122. Domingo R, Peña-Monne´ JL, de Torres T, Ortiz JE, Utrilla P. Neanderthal highlanders: Las Callejuelas
(Monteagudo del Castillo, Teruel, Spain), a high-altitude site occupied during MIS 5. Quat. Int. 435.
2017: 129–142.
123. Deschamps M. Late Middle Palaeolithic assemblages with flake cleavers in the western Pyrenees:
The Vasconian reconsidered. Quat. Int. 433. 2017: 33–49.
124. Bernard-Guelle S, Bernard C, Bressy C. Le site mouste´rien de plein air de Maumuye (Saint-Roman,
Droˆme): premiers re´sultats. BSPF 103(1). 2006: 9–15.
125. Peresani M. Fifty thousand years of flint knapping and tool shaping across the Mousterian and Uluz-
zian sequence of Fumane cave. Quat. Int. 247. 2012: 125–150.
126. Garralda MD, Galvan B, Hernandez CM, Mallol C, Gomez JA, Maureille B. Neanderthals from El Salt
(Alcoy, Spain) in the context of the latest Middle Palaeolithic populations from the southeast of the Ibe-
rian Peninsula. J. Hum. Evol. 75. 2014: 1–15. https://doi.org/10.1016/j.jhevol.2014.02.019 PMID:
25063566
127. Bernard-Guelle S, Rue´ M, Fernandes P, Coudenneau A, Courty MA, Fe´doroff N., et al. Comporte-
ments techniques et strate´gies de subsistance sur le site mouste´rien de plein air de Latrote (Saint-
Gein, Landes). In Transitions, ruptures et continuite´ en Pre´histoire. XXVIIe congrès pre´historique de
France, Bordeaux–Les Eyzies 2010, volume 2, Pale´olithique et Me´solitique. Socie´te´ pre´historique
franc¸aise Paris. 2014: pp. 229–255.
128. Defleur A. Les industries lithiques mouste´riennes de la Baume Moula-Guercy (Soyons, Ardèche).
Fouilles 1993–1999. L’Anthropologie 119(2). 2015, 170–253.
129. Neruda P. GIS analysis of the spatial distribution of Middle Palaeolithic artefacts in Kůlna Cave (Czech
Republic). Quat. Int. 435. 2017: 58–76.
130. Doronichev V. The Pre-Mousterian industrial complex in Europe between 400 and 300 ka: Interpreting
its origin and spatiotemporal variability. Quat. Int. 409. 2016: 222–240.
131. Bernard-Gu¨elle S. Territoires et mobilite´ des groupes mouste´riens en Vercors: analyse et discussion.
L’Anthropologie 109. 2005: 799–814.
132. Wilson L, Browne CL. Change in raw material selection and subsistence behaviour through time at a
Middle Palaeolithic site in southern France. J. Hum. Evol. 75. 2014: 28–39. https://doi.org/10.1016/j.
jhevol.2013.12.018 PMID: 25150897
133. Wegmu¨ller F, Detrey J, Diemer S, Hauck T, Pu¨mpin C, Rentzel P, et al. Fouilles de plusieurs occupa-
tions du Pale´olithique moyen à Mutzig-Rain (Alsace): premiers re´sultats. BSPF 113(3). 2016: 429–
474.
134. Vaquero M, Romagnoli F. Searching for lazy people: the significance of expedient behavior in the inter-
pretation of Paleolithic assemblages. J. of Arch. Met. and Theor 25(2). 2018: 334–367.
135. Vaquero M, Chaco´n MG, Garcı´a-Anto´n MD, de Soler BG, Martı´nez K, Cuartero F. Time and space in
the formation of lithic assemblages: The example of Abric Romanı´ Level J. Quat. Int. 247. 2012: 162–
181.
136. Picin A, Carbonell E. Neanderthal mobility and technological change in the northeastern of the Iberian
Peninsula: The patterns of chert exploitation at the Abric Romanı´ rock-shelter. CR Palevol 15(5).
2016: 581–594.
137. Di Modica K. Contraintes naturelles et implantations mouste´riennes. L’exemple du bassin mosan (Bel-
gique). Conard NJ, Delagnes A (Eds.). 2010: 307e328.
138. Di Modica K, Toussaint M, Abrams G, Pirson S. The Middle Palaeolithic from Belgium: Chronostrati-
graphy, territorial management and culture on a mosaic of contrasting environments. Quat. Int. 411.
2016: 77–106
Rocks, teeth, and tools: New insights into early Neanderthal mobility strategies in South-Eastern France
PLOS ONE | https://doi.org/10.1371/journal.pone.0214925 April 3, 2019 29 / 30
139. Daujeard C, Abrams G, Germonpre M, Le Pape J-M, Wampach A, Di Modica K, et al. Neanderthal
and animal karstic occupations from southern Belgium and southeastern France: regional or common
features? Quat. Int. 411 (Part A). 2016: 179–197.
140. Kozłowski JK. Middle Palaeolithic variability in Central Europe: Mousterian vs Micoquian. Quat. Int.
326. 2014: 344–363.
141. Moncel M-H, Fernandes P, Chaco´n Navarro G, de Lombera Hermida A, Mene´ndez Granda L, Youcef
S et al. Emergence et diversification des strate´gies au Pale´olithique moyen ancien (350 000 à 120 000
ans) dans la Valle´e du Rhoˆne (France), XXVIIème congrès CPF, Bordeaux, in: Jaubert J, Froment N
Depaepe P, Transitions, ruptures et continuite´ en Pre´histoire. Socie´te´ Pre´historique Franc¸aise 2.
2014a: pp. 43–59.
142. Lugli F, Cipriani A, Arnaud J, Arzarello M, Peretto C, Benazzi S. Suspected limited mobility of a Middle
Pleistocene woman from Southern Italy: strontium isotopes of a human deciduous tooth. Scientific:
Reports 7(1). 2017: 8615.
143. Smith TM, Austin C, Green DR., Joannes-Boyau R, Bailey S, Dumitriu D, et al. Wintertime Stress,
Nursing, and Lead Exposure in Neanderthal Children. Science Advances. Eaau9483, 31 October
2018.
144. Niven L, Steele TE, Rendu W, Mallye JB, McPherron SP, Soressi M, et al. Neandertal mobility and
large-game hunting: The exploitation of reindeer during the Quina Mousterian at Chez-Pinaud Jonzac
(Charente-Maritime, France). J. Hum. Evol. 63(4). 2012: 624–635. https://doi.org/10.1016/j.jhevol.
2012.07.002 PMID: 22951376
145. Britton K, Grimes V, Niven L, Steele TE, McPherron S, Soressi M, et al. Strontium isotope evidence for
migration in late Pleistocene Rangifer: Implications for Neanderthal hunting strategies at the Middle
Palaeolithic site of Jonzac, France. J. Hum. Evol. 61(2). 2011: 176–185. https://doi.org/10.1016/j.
jhevol.2011.03.004 PMID: 21497882
146. Richards M, Harvati K, Grimes V, Smith C, Smith T, Hublin JJ, et al. Strontium isotope evidence of
Neanderthal mobility at the site of Lakonis, Greece using laser-ablation PIMMS. J. Arch. Sci. 35(5).
2008: 1251–1256.
147. Nowell GM, Horstwood MSA. Comments on Richards et al., Journal of Archaeological Science 35,
2008 “Strontium isotope evidence of Neanderthal mobility at the site of Lakonis, Greece using laser-
ablation PIMMS.” J. Arch. Sci. 36(7). 2009: 1334–1341.
148. Richards M, Grimes V, Smith C, Smith T, Harvati K, Hublin JJ, et al. Response to Nowell and Horst-
wood. J. Arch. Sci. 36(7). 2009: 1657–1658.
Rocks, teeth, and tools: New insights into early Neanderthal mobility strategies in South-Eastern France
PLOS ONE | https://doi.org/10.1371/journal.pone.0214925 April 3, 2019 30 / 30
